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‘j’his papcrprcscnls ~arious  communication s~rstcm atchitcctarcs for h4ultiplc-I,inli  co]l~]]]~ll]icatiol]s

with Siaglc Apcrlurc (h4U1, SA) ground .sIaticm. ‘1’hc proposed architcctur-cs  arc capable of supporting a

multiplicity of spacccrali  that arc Ivi[bia tbc bcmlvidth  of a sing,lc  p,muncl station  antenna simultaneously.

Iiotb short ancl long tcra] proposals to nddrcss  this sccmario \vill  bc discussed. in addition, tbc paper also

cliscusscs  the top-lm’cl  systcm designs of the prc)poscc]  arcbitczturcs  ancl attempts to iclcntify  the associated

advantages and rlisadvantagcs for cacb sjstcm,

Cur[cntly,  there arc several propcwcl fu(urc missions to h4ars, natncly, h4arsNct ancl hiars

]inviroamcntal Survey (M FXUR)2,  that arc invol~cd l\it~l  a r~~ultiplc  spacccrafi.  h4arsNct, (~ol~sists  of ~

or 4 small  landed stations) is a joint Natioaal Acxonautic Space Administration (NASA) and Iluropcan

Space AgcI~cy (1’SA) mission }~hich ~vill co]nplcmcn[  the it]~cstip,rttions  of h4ars  concluctccl  by MI{SUR

ncttvork and the proposed launch  d{itc is .lanuarj”, 2 0 0 1 .  01~ tbc other  haad, lbc h41{SUR  nct~vor-k

comprises 16 small landing ~cbiclcs  distributed o~cr h~ar[ian surface to form a global nct)vork  lvith  tbc

proposed laanc.b  elates am distl-ibutcd  as follolrs:  4 in 1999, 4 in 2001, and tbc final  8 in 2003. It is

J,ossib]c  that the l)ccp Space Nct\vork (J)SN),  manap,cd lJJ the Jet Propulsion Iaboratcrrj  (J]’],) for NASA,

\\ill bc asked to simultaneous  Jy supJ~orl  a mu Jti J~iicity  of spat.maft that arc \\ithia  a bcamwidtb  of a siaglc

‘“1’hc  Icsca IclI dcscribcd in this paper \\ ’as callicd  out al the Jcl I’]opulsion I.almlatory of the Califo]llia  lnstitulc
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2W:i11CII  ],. Mar(ia and ]IJUCC  ]/. (’rov.’, “’1’1 )A l’lal)T)illp,-of flcc 4 10-AdvanccrJ hflissions  l’l{Jp.l a]]~-S[ll~~l]~arics
of Missions IJndcv Study, ” .la]]ll~ry  IS)93,  a]l i[ltc]n:il  dOCLIIIICIIt,  .lI’1,, C A .



ground station antenna. This pro~icles  a unique opportunity to communicate wilh n~u]tiplc spacecraft using

a single antenna, as the latter results in m aximum operational cost saving. For such occasions, onc needs

to iclcntify altcmativc systcm architectures that arc capable of tracking several spacecraft from a single

caj-[h station using a single earth-to-space link (uplink)  and multiple space-to-cal-th links (do~vnlinks).  in

orctcr to idcnlify  accurately these architccturcs,  onc must clcfinc  a set of rcquircmcnts  and constraints

imposccl  on both spacecraft and ground station operational equipments. Given these defined rcquircmcnts,

onc can then derive  various architectures that lvill satisfy most of them. Sine.c futulc NASA missions \vill

require low cost, small si7c, Io\v  powr consumption spacecraft lclccollllll~lllicatiol~  equipments, tbc

proposed arc.hitccturcs  must ha~c also satisflccl  tllcsc  Icquircmcnts.

l;OJ the pmposcd  missions to h4am,  tllcrc  arc tlvo classes of colllllltlllica[iolls  that the clcsircrl

s> ’stem needs to proviclc on the cto~vnlink.  l;irst is the simple onc-~tay communication in ~vhich  the

clownlink  frequency can be derived fronl the spacecraft local oscillator, and the scconct  is the t}vo-~vay

communication where the do~vnlink  frequency is dcrivccl  coherently fronl the uplink. lJsually, for deep

space co]~]l~~ltilicatiol~s,  cohcrcnt  communication mode is prcfcrrcd  for navigation purpose along,  with best

achievable systcm performance. l;or uplink coll~]l~~ll~icatiol~,  the h4U1 ,SA scenarios have certain synergy

~vith  cc]lular  S}’stems [ 1 -2]. in [hc later, the for~tard  link cnlplo>Js multiplexing tcchnicluc  using orthogonal

sip,nals  gcncratcd  ]vith Walsh funs[ions 11 3] u’bile the up]ink  for MIJ1.SA also employs multiplexing ~vith

unique word dctccticm  for compatibility with the current space communication standards 15]. ‘lhc kcy

challcnp,c  is on the clowlink  especially with cohcrcnt  (urnamund  capability. “1’hc  later should be

accomplished with m ass-prod ucab]c  transponder ~~itll  power cfflcicnt  modulation, as opposed to spectrum

cfflcicnt  modulation cmplo}’cd  in the cellular s>’stems on the return link [ 1 and 13j.

J{cccnt]y,  13] have idcntiflcc]  several systcm  rcquitcmcnts that the I)SN must pro~’idc for h4Ul ,SA

scenarios. ‘1’hcsc includes (1) simultaneous tclcc.ommancl,  tclcmctt>, ranginp, and I)opplcr data scri’ices,

(2) suppoJl of radio scicncc mcasurcmcnts,  (3) a compatible relay orbiter intcrfacc  if possible, (4) a simple

spacecraft transponder design ivith J]O significant incrcasc  in cost or weight, (5) a capability for n~ulti-



mission operations ~vitb  optimum perform anc,c, and (6) conform ancc to the carrcnt international standards

[4-5]. };or  short term proposod  s)stmn architccturcs,  rcquircmcnts (4) and (6) arc strictly cnforccd.  This

imposes further restrictions on both spacecraft and ground station equipments; namely, decoding of the

command data using tbe currcn[ly a~ailablc  Command IMcctor  Unit (C IIU), minimum modification to

the ground station rccci}’ing hard~~’arc, caJ~ability  of rccciving  multiple carriers in the plcscncc of

silnultancous  tclcmctry and ranging sip,nals,  and the cost of required modif~catirrns  shou]d hc lo~vcr  than

m ultip]c  a~)crlure  solution. From tbcsc rcquil-cmcnts,  it is ctcar that the proposed architectures must bc

sirnplc  to meet tbc cost constraints but may not bc able to meet s> ’stem perform ancc rccluircmcnts.  I lcncc,

one can classify tbc pl-oposcd  arcl~itcctul’cs  into t~vo catcgcsrics:  tbosc that arc suitab]c for sbo]-t term

soltltion ancl tbosc for long term solution. ‘J’his  paper \vilt  discuss both short and lonp, term solutions for

MLI1,SA sc.cnai-ios.

2.. I’IWKXIIJ S\ ’s’rIthI  A IN: III I’MH’( rm:s Imit  S I ION’ “I’m  ! S 01 .( I’I’IOS

Currently, only two alternative arcl]itcctures have been identified for sllorl tcrnl sohtion.  ~~otl~

of these employ a single DSN station  to suppcmt  sc~’cral  spacecraft ~vhicb  arc sin~ultancous]y  ~vitbin  tbc

same bcamlvicltb  of tbc single l)SN antenna. Spacecraft ctiscusscd  through out of this paper can bc

landers, orbiters, or any othcrof  vchiclcusc  in tbch4ars  cxplo~-ation  missions. I)oth systems pmposcd

in this section employ a sin?,lc  uplink  but usc cliffcrcnt techniques for separating tbc cloivnlink  channels

from cad spacccl-aft. ‘1’hc first rcquims an A(ljustab]c  ‘1’urn  Around Frcqucnc~r Ratio (A’J’l:R) on the

sl)acccl-aft  tlatis])olldcr~.  “l’]~csccol~ds>rstcl~~  tltili~.cs  S\lt}carl`icr  };lcq~lctlcy Ili\isiol~h  4Lllti~>]cxi1~p,( Sl:I)h4)

tcc.l~l~iqllc  tosc~~aratc tl~cdo~vl~lir~k cl~al\ricls  [3].

2.1. AILTL”S”J’AIHX  ‘1’luwAIwlliNIJ  Iml:QIJl:N’c:\’  R t“rm  (AI’[7R)

IIlustlatcd  in l;igurc la is ihcproposcd  s>stcm al-cl~itccturctbat  cl]~l>lojst  l]cA”l’I;}{t ccl~]~iq~lcto

separa te  tbc dolvnlink channc]s. A dctailccl  dcscrip[ion of this s>’s{cn)  can bc found in footnote 3.

3WaIICII 1,. Martin, “Mil)utcsofl’irst  h4cctinp, of I)SN Single Apcl(urc h[ulti-l  ink ‘1’cam,”  Ap]il 15, 1994,
J1’1,-1C)h4, 0261 C)h494. WIM,t, ll intcr])al  documcIIt, .Jl’l., CA,



}Iow’mcr,  key fcaiurcs for this tcchniquc~yill  be rcitcratcd  in this section forthc sake of mmplctcncss.

Ch the uplink,  the tclcmmmand  signal  is scat using a single, residual carricr RF frcqucnc>  (f, )from  a

IISN earth  station and this \vill bc rcc.ci~cd  simultaneously by all spacecraft which lic ivithin  thccarlh

station antenna’s bcam}vidth.  A standard tclcc.ommand  signal  can bccxprcssed  mathcmatic.ally  as [4]

Jvhcrc  PL),) is the uplink power, lll,lP denotes the uplink  modulation index, f} denotes the uplink frequency,

d(t)istl~ctclccol~~l~~al~d  data ~vhicll isNo~l-Rctl}r~~-to2,cro  (NR7,)forl~~aitcd,al\d  f,Uistl~ctclccol~~l~~al~d

subcaljicr fl-cqucmcy,  All s p a c e c r a f t lock to the uplink frcclucncy  f] s i m u l t a n e o u s l y . Packet

tclccomm anding ~vhich  conforms to the intcraatimal  standards rcccm~mcndcd  by the Consultative

~~ommittec  for Space IJata  S>stcms (CCSI)S) 14] is used to scpar-atc  the command data ON the uplink.

Since the CCSI)S tclccommand  format allo~is addressing of both spacccraf[  and instrument, only

comnl  ands addressed to a spceific.  spacccraf( \vill bc responded by that spacecraft. Ommand  data is Ihcn

routed to various subs} ’s[cms  whose addl-css  appears in the packet hcaclcr.

‘lo separate the do~vnlinli  channels, this s>stcm requires an adjustable transponder turnaround

frcqucncj’ ratio. The current rccommcndcd  coherent ‘1’urnAsmlnti  I;rcqucmc~r  Ratio (“l’I;R or ‘l’Al{)  arc

flxcd at 240/2.21 for 2 ~illz band and S80/749 for 8 GIIz band. ‘J’o Scllcra{c different do}vnlink

frcclucncies  for N different spacecraft, it is ncccssary to vary the coherent “lAR in such a way that the

clo~vnlinks  al-c cohcrcnt  ~vith  the uplink frequency f, ~vith sufficient frequency separation to aioid  the

spcctl  al ovcllap among,  the spacecraft ~vhcn the I)opplcr  shift is pl-cscnt,  A standard do~vnlink signal  for

each spaccc]aft  employs 1) Ch4/1’SK/I)h4  modulation tcchniquc  [4] ivhich  can bc cxprcsscd  mathematically

as:

Sl)i(f) = {2F1,+(2x 7XRi jll+ n~l),di(f)Pi(f)); where  i c 1 ,  2, 3,..., N (2)

ivhcrc  PI,) is the dowmlink po~vcr, ml), dcaotcs  the dolvnlink  modulation index \vhich is ICSS thal~ 90°, ‘l’AR,
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modulation is mploycd  with the modulation index scl to 90° so that the carrier is fully suppmscd  and

th:it  v a r i o u s  dowmlink tclcmctry  si~nals can bc put on ~’arious subcarricrs  at different subcarricr

frcqucncics.  “J’hc  ccmccpl for this tcchniquc  is shmvn in I:i?,urc  ?a and the mathcm at ical  dcscr’iJJtirm  for

the dowlink  signal  is

(4)

\vllcrc  f,, is a fixed dowmlink frcqucnc}  ancl the definition for other pmmctcrs found in Eqn (4) can bc

found ia Sccticm  2.1.

l;igurc 2b sho~vs  a simplified block  diagram for Ihc SFI)lvl  architcctul-c. ‘1’hc main advantages

associated n’i[h  this sysicm  al-c tl~at it is mmpatiblc  ~~ith the cuncnt I)SN s} ’s[cms and some (;(; S1)S

standards ~vith minor modiflc.ations required to cut[cnt  a}ailab]c spacecraft transponder and minor

modifications to l)SN ~round slation rccci~crs.  h40diflcritions  at-c required for the setting of the ccntcx

atl(i cut off frcqucncics  of the Rl: flltcr  implcmcntcd  at the RI; section of the spacccraf(  transmitter.

IIcncc, mass production of spacecraft transponder is possible. llowc\cr,thc rcarcinl~crcnt  dra~vbacksfor

this tccl~niquc.  At low s~mbol Sip,nal-to-Noise Ratio (SNR), this s! ’stem is cxpcctcd  to perform poorer

tl~:il~Arl’l:I<s}’stcll~  d~lctos~i~>}~rcsscd  carIicrt  tackil~p,,a  t~ditalsor  cqtlircsf  l-ccj~lct~cyol ~til~~i~atiol~toa  \oi(l

intcl-fcrcncc  \vhcn the ranging  is pmcnt.

3. l)]< OIT)SI;i)  S\ SJI;\IAI  {( IIIII:(”IIII<I;S  ]tm l,ox[;’ l’1l/\Is  OI/11’IIox

3’IIc pmposcd architectures for long term solution should outpcrfom  (in terms of systcm

pcrformancc,  spcctmm  cfflcicl~cy,l  ~ald~~al-cco l~~~)lcxit>  and numbcrof  sltppor~ab]c  spacecraft) tl~csllol-t

term solution but at tl~ccxt>cl~sc  of~]lajor  ~llodiflcaliol~ stobotl~sl>acccraft  tral~s~~oIldcrs  at~dgro~ll~d  statio1~

rcccitrcrs.  Currently, cmc altcrnati~c  mechanization has been idmtificd, namcl}’, }’N Code I)ivision

h4ultiplcxing (CIJh4)  [11-12]. ‘1’his  utilims ~zirious I’N or[ho~ona]  codes to separate signal flom the

various spacecraft, and both of these al-chitccturcs  usc suppressed canicr  modulation sc.l~cmcx such as

IIPSK or QPSK, III the fol]o~vinp,, 1]1’SK modulation schcnlc will bc assumed. Furlhcrmorc, in this



pmposcd  architcc.turc,  the uplink co]llll~l~l~icatio~~s  will bc aswmcd to bc identical to the shmt tc]m

solution.

3.1. PN C:OI)El  )I\’1sIoxh4  [II:  I’1l’i/IxIN<;(C:l)  N4)”

}:ip,u[-c 3 depicts a simplified block diagram for the Cljhd  architecture. IIcrc, all spacecraft

tt-aaspondcrs  ha}c a single, flxcd ‘l’Al< that \vill  produce a fixed dowlink  RF carrier at frcql[cncy  fz.

l\cforc do~~nlink tclcmctry  data is modu]atcd  on the RF earl-icr, it is modulo  tivo added to a PN coctc.

l)iffcrcnt mcodcrs arcuscd  on each of {hc spacecraft such that thc~r  arc ol-thop,onal  to onc-anothm.  PN

codcsarcuscd  tosplcad  thcspcctlum  and tomakccaclt  sicnal ~~l~iclllcl~’  dctcctal~lc  ol~tl~cgrc~~ll~cl  111-12.]

and the n~athcmatic.al  expression of the dolvnlink si~,r~al is dcflncd  as

,s,,i(t) ’-J2P,,,di(r)PNi(r)c0s(2  nf1,t); i’-], z 3,0.., N (5)

\\’llcrc  l>hl,(t)  denotes the I)N code for the i’)’ spacccl-aft. Siacc this s~stcm employed suppressed carrier

modulation, the systcm  should also oimatc at IO}V s~wbol SNR with incrcascd background noise duc to

man)’  codes  oc.cuping,  the same l<l; spectrum. Aclclitionally,  this tcchaiq:lc  rcc~uirc  a PN g,cncra(or  on

board of the spacecraft and a PN demodulator on the I)SN g,round sfa(ioa. For optimum performance

ccrtaia  relationship bctwccn the PN code’s “chip” ratc,tl~ctclcl~~ctr)’  data rate and thcdowmlink frcqucacy

n~usI bc satisflcd and this may add additional complcxi(}> on the fiip,ht  hardware. I)cspitc all these

disadtmtagcs  asscwiatcd  !villl  (IIJh4  tccl~l~i(](lc,  tl~is}>ro~i(lcs  the most  R]’ spcctrwm cfflcicnt  modulat ion

tcchniquc  that  can supporl a large number of spacecraft.

4. CC)XII>,~I<ISm’  {)I~AI;I’ItI/N,i’I’I\  ’}:AIt(IIIII:c:  I(I}<I:s

‘j’his section compares the ~’alious  arcl~itcctures  proposed ia the prc~’iolls  sections based On fiVC

cliffcrcn[  criteria, namely, l~ard\\’arc  complexity on hoald  of the Spacc(;rall (S/C) and ground siation

rczcivcn,  systcm  ])crforl~~ at~cc, tllcx]~]llll)crof  S/C. cal]l)c  acco]))]llo  dated,  s~)cctrlllll  cfficicncj’  and SJJSICIN

contpatibilio’.  ‘1’hc results of the comparison arc summarixd  in l’able 1. “]’able 1 SIIOJVS  that A’I’I’R

tcc.hniquc  pro~idcs lhc best performance but it requires major modifications to S/C and ground station



l~ad\\arcs.1’hc  SlJPh4 tccl~~]iqllcrcqtlircs  nomoctiflcation on S/Ctral~sj>ol~dcr  l~ard\\’arca~~d minimum or

no modification cm tbc ground station l~ard\\arc and provides good s> ’stem pcrformaacc and reasonable

SJ)CC(~Lll)l cfflcicncy  (dcpcl~ding on tbc data rate). On the other hand, CIJh4 technique provides the worst

pcrformaacc in terms of SIiR but the best in tcms spectrum cfflcicncy  and maximum number of

spacecraft accommodated but it requires significant modifications to both S/C and ground station

haiclwarcs.

s. (:ox[”l,l)sloss,  fNl)N[l’I’ill/l:  \\’ol<K

}Iascd  on the investigation clcscribcd  aboyc, it is possible that the l)SN can support hflU1,SA

sccnalios  lvitb  minimum halcl}varc  mocliflcations.  Ilo\vcvcr,  the s>stcm pcl-fomanccs for the p~oposcd

ar-cl~itcct~lrcs  arc~ll~kt~o\vl~,  tl~crcforc, o1~ccal~l~ot  asscsstbccost  ill~l~act  oftl~csc l~lodificatiol~  sol~ tbc S/C

transponder ancl p,mund  station rcccivcls. “1’his is an ol~-g,oil~g,rcsc:ircll  at J1’1,, tbcdctai]cd  on ho}s lbcsc

alcbitcc.tulcs  behave uncler  various s>>stclil  conditions along  }vilh  the modification cost and maximum

nun~hcr of S/C that each architcctuw can supporl  is under in~’cstigation.
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I;igurv 1 b. Spcctmrll  of A“I’l;R Signals With Strcmim

RESIDUAL CARRIER T[:LEMETH’f RESIDUA1. CARRIER 1 ELELIETI{Y

,RO,,S,C-,,< F~s/c-l

‘Ro’’’c’~l’~l  l“’’os’c-’

1.

f

I

●  . * .

*
fc, -fc;

fcl -rfsl fc~ +fs2fc, -f~l fc. -fsp [ F{ EQUENCY

tJol Es:

!~i = CAR Fil Ff{ FRLQUII{CY 0[ S/C.  i,i= 1, 2, .

l~j = SUDCARRIIF{  Ffi ECIUf IJCY OF S/C-i, i= 1,2, ., .

s/c = sPACE Crl  AFl

I’igutv 1 c, Spcctn]r))  of A’l”liR Signals \Vit}tout  Sucanicrs

FIESIDUA1-  CAR RIEFl f- fl(lfvl  S/C-l

/ “

llFSl[)UAL Camille. R f II(IM S/C-’

/

?“ 1 F [ [’r\fiE’T’Fly  f Rc)rvl WC-2

]/
n)% “’** b-

fc,

r{ol  Es:

Ici = CAR RIFfi  FFi LOLJrlJCYC)F  S/C. i,i: 1,2. ,

S/C = SPACE CRAF1



}iguw  2a. SpcctIum  dsknnf Signals

1 EL EMETRY FROM SPACECRAFT-3
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[ [{[. QU[. NCY
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